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Edited by Stuart FergusonAbstract The incorporation of carbon into the carbon monoxide
and cyanide ligands of [NiFe]-hydrogenases has been investigated
by using 13C labelling in infrared studies of the Allochromatium
vinosum enzyme and by 14C labelling experiments with overpro-
duced Hyp proteins from Escherichia coli. The results suggest
that the biosynthetic routes of the carbon monoxide and cyanide
ligands in [NiFe]-hydrogenases are diﬀerent.
 2004 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
Keywords: [NiFe]-hydrogenase; Carbon monoxide; Cyanide;
Biosynthesis; Infrared spectroscopy; 13C and 14C labelling1. Introduction
The active sites of hydrogenases contain Fe (and very often
Ni) with at least one CO and usually also CN as ligands to Fe
[1,2]. [NiFe]-hydrogenases, the subject of this study, have a
(CysS)2Ni(l-O)(l-CysS)2Fe(CN)2(CO) active site in the aero-
bically isolated form which is inactive [1,3,4]. Incubation with
H2 activates the enzyme and removes the oxo bridge.
At least seven gene products are involved in the biosynthesis
of the active site of [NiFe]-hydrogenases in Escherichia coli (for
reviews, see [2,5,6]). Six of them are designated as hyp genes [7].
HypF and HypE synthesize cyanide from carbamoylphos-
phate. HypE, which carries cyanide as a thiocyanate group,
donates CN to some acceptor group in a complex formed be-
tween the maturation proteins HypC and HypD [8]. Because
HypC is also found in a stable interaction with the precursor
of the large hydrogenase subunit (HycE), it may be involved
in transfer of the Fe(CN)2(CO) group to this subunit. [5].
The HypA and HypB proteins have a function in nickel incor-
poration. The seventh essential protein, HycI, is an endopepti-
dase which removes an oligopeptide from the C-terminus of
the precursor of the large subunit leading to the closure of
the metal center.
Chemical model reactions have shown that metal-carbamoyl
complexes can be converted into metal-carbonyl complexes (ci-
ted in [9]). It has therefore been speculated that the CO ligand
of the active-site iron may also be formed from carbamoyl-Abbreviations: EDTA, ethylenediaminetetra-acetic acid
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a screen for mutations in Salmonella, which led to a general
block of the formation of hydrogenases. The only mutations
detected were in the pyrA gene [10]. At that time, a regulatory
role in hydrogenase synthesis was assumed for the product of
this gene, which codes for one of the two subunits of carbam-
oylphosphate synthetase (now the carAB locus). In contrast to
this conjecture, the present communication proposes that the
biosynthesis of CO follows a route diﬀerent from that of CN.2. Materials and methods
Allochromatium vinosum cells were grown in a medium [11], supple-
mented with 3 mM of either 13CH3COOH or CH3
13COOH. The en-
zyme was partly puriﬁed, using only the Toyopearl DEAE-650C,
Phenyl Sepharose CL-4B and Ultrogel AcA44 columns of the standard
procedure [12] and dissolved in 50 mM Tris–HCl (pH 8.0). Both en-
zyme preparations were treated to obtain the so-called Ready enzyme,
following the procedure and EPR characterization described earlier
[13]. Enzymes were concentrated with an Amicon Model 8400 Stirred
Cell (PM30 membrane) and a Microcon YM-30 Centrifugal Filter
Unit. Fourier-transform infrared spectra were recorded as described
[11] and ﬁtted with a minimal set of Gaussian functions using GRAMS
software (Galactic Ind. Corp.). The [13C] labelled acetate (99% en-
riched) was from Cambridge Isotope Laboratories, Inc. (Andover,
MA, USA).
The proteins HypE, HypE[D83N], HypF and a complex of the pro-
teins HypCStrep and HypD (termed HypCD) of E. coli were puriﬁed
as described [8]. The transcarbamoylation, dehydration and transfer
assay were conducted as in [8].3. Results
3.1. The carbon sources for CO and CN in the A. vinosum
hydrogenase are of diﬀerent origin
The original IR spectrum of enzyme from cells grown on 58
mM NaH13CO3 (99% enriched) [11] is shown in Fig. 1A. The
only correction for this trace was that a spectrum from an IR
cell ﬁlled with buﬀer was used as reference; it has not been
shown earlier. Four peaks can be recognized. The 2046 and
2035 cm1 bands are from the cyanide stretching vibrations
(msym(
13CN) and masym(
13CN), respectively). The 1943 cm1
band is from m(12CO), while the 1899 cm1 band is due to
m(13CO). There are no m(12CN) bands. After base-line correc-
tion, the spectrum looks like Fig. 1B. A ﬁt of this spectrum
with four Gaussian is shown in trace C. This analysis showed
that the areas of the m(12CO) and m(C13CO) bands make up
18% and 82%, respectively, of the total CO-band area. A sim-
ulation assuming a statistical distribution of 18% 12C over theblished by Elsevier B.V. All rights reserved.
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Fig. 1. IR spectrum of A. vinosum [NiFe]-hydrogenase from cells
grown on medium with 58 mM NaH13CO3 as described in [11]. (A)
Raw data. (B) Base-lined spectrum. (C) Fit of spectrum B with four
Gaussian curves. The area of the 1943 cm1 band (from 12CO)
constituted 18.1% of the total CO-band area. (D) Simulation assuming
an 18.1% enrichment with 12C of both the CO and CN ligands. It was
assumed that the CN stretching vibrations in enzyme molecules with
12CN–13CN and 13CN–12CN groups are not coupled [11], and that the
stretching frequencies of 12CN and 13CN in these molecules are equal
to 0.5{msym(
nCN) + masym(
nCN)}, where n equals 12 or 13, respectively.
All CN bands were given the same line width (5.36 cm1). (E)
Simulation assuming a 5.3% enrichment with 12C of the CN ligands,
leaving the CO bands as observed in trace C. The absorbance scale
only belongs to spectrum A. The other spectra have been enlarged for
better inspection of the cyanide region.
470 W. Roseboom et al. / FEBS Letters 579 (2005) 469–472two CN groups is shown in Fig. 1D. Note the peak at 2085
cm1 and the changes in line shape in the 2046–2035 cm1
region. These features are not present in the experimental
spectrum.
No plausible explanation for the diﬀerence in 13C enrich-
ment between the CN and CO could be provided [11]. The
only possible 12C source in the medium was the ethylenedi-
aminetetra-acetic acid (EDTA) used to complex Fe3+. Not
much is known about the microbial degradation of EDTA un-
der anaerobic conditions. Although some aerobic organisms
can use EDTA for growth [14], it is not removed by micro-
organisms functional in conventional sewage treatment proce-
dures [15,16]. The ferric salt is light sensitive. Under aerobic
conditions, photolysis results in the stepwise removal of three
acetate units and the formation of Fe3+–ethylene-
diaminemonoacetate [17,18]. Each acetate unit is released as
one molecule of formaldehyde and one molecule of CO2 [19].
Nothing is known about the possible degradation or photoly-
sis of Fe3+–EDTA under the growth conditions of A. vinosum
in the present study (anaerobic growth under illumination dur-
ing ﬁve days).
Assuming that all 10 carbon atoms of the EDTA would end
up in the total carbon pool, and considering the 1% 12C in the
bicarbonate and the 1.1% 13C natural abundance in organic
compounds, this would amount to maximally 3.2 mM of
12C. With such a carbon pool, at most 5.3% of the CO wouldbe expected to be present as 12CO. For cyanide, a mixture of
enzyme molecules with 0.3% 12CN–12CN, 5% 12CN–13CN,
5% 13CN–12CN and 89.7% 13CN–13CN would be formed. A
simulation on this basis is shown in Fig. 1E. Even here the
band around 2085 cm1 is more pronounced than the faint fea-
ture in the experimental spectrum (trace B). This indicates that
the 12C atoms from EDTA did not function as a source for
CN formation. Hence, the analyses in Fig. 1 suggest that
the biosynthetic pathways for CN and CO formation for
the Ni–Fe site may use, at least in part, diﬀerent carbon
sources.
To further investigate this, while assuming that acetate may
be the possible degradation product of EDTA, we have grown
A. vinosum in a standard medium to which 3 mM of either
13CH3COOH or CH3
13COOH was added. The limited amount
of enzyme from the 20-l culture bottle was puriﬁed up to a
stage where its IR spectrum could be observed. Note that con-
taminating non-hydrogenase proteins do not show bands in
the 2100–1900 cm1 spectral region [20,21]. Addition of
13CH3COOH did not show any bands from
13CN or 13CO
(Fig. 2, trace A). The bands at 2090, 2079 and 1943 cm1
are typical for enzyme where the diatomic ligands to iron con-
tain solely 12C [11,22].
With CH3
13COOH in the medium a clear m(13CO) band at
1899 cm1 was present (Fig. 2B), in addition to the bands in
trace A. Trace C shows a ﬁt of the spectrum with four Gauss-
ian curves. The 1899 cm1 band constituted 20% of the total
m(CO) band area. Trace D shows a simulation assuming that
also 20% of the CN groups would contain 13C; this would
lead to a noticeable band around 2040 cm1.
An amount of 3 mM CH3
13COOH (99% enriched) in a back-
ground of 58 mM Na2CO3 plus 0.268 mM EDTA, and includ-
ing the 1.1% 13C natural abundance in the non-enriched
carbon compounds, leads to a medium where 5.5% of the total
carbon is 13C. For cyanide, a mixture of enzyme molecules
with 89.3% 12CN–12CN, 5.2% 12CN–13CN, 5.2% 13CN–12CN
and 0.3% 13CN–13CN would then be expected. A simulation
on this basis is shown in Fig. 2E. The band around 2040
cm1 is not detected in the experimental spectrum (trace B).
This supports the notion that the a-carbon of acetate is not
used for the synthesis of cyanide. The experiments thus show
that there is a speciﬁc incorporation of 13C from the a-carbon
position of the added acetate in 20% of the CO molecules in
the enzyme, whereas no noticeable incorporation of label from
the b-carbon of acetate in CO was detected (trace A). The sig-
nal-to-noise ratio of trace A did not permit a conclusion on the
possible incorporation of the b-carbon into the CN groups.
The results in Fig. 2 also indicate that the 12CO observed in
the spectra of enzyme from cells grown with NaH13CO3
(Fig. 1 and [11]) must have originated from the EDTA in the
medium.
3.2. Carbamoylphosphate is not the source for CO synthesis in
hydrogenase 3 in E. coli
Biosynthesis of the CN ligands from carbamoylphosphate
is best understood in E. coli. For the CO ligand, it was hypoth-
esized that it could be derived also from carbamoylphosphate
as a biochemical precursor [9]. The following scenarios can be
envisaged: (i) The CO ligand is also synthesized at HypE and
transferred to the HypCD complex, (ii) the carbamoyl moiety
is transferred to the HypCD complex at which it is deaminated
to the carbonyl state, and (iii) an iron atom in the HypCD
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Fig. 2. IR spectra of A. vinosum [NiFe]-hydrogenase from cells grown
on a medium with 58 mMNa2CO3 plus 3 mM
13C labelled acetate. (A)
The medium contained 13CH3COOH. (B) Medium with CH3
13COOH.
Both spectra are base-lined and displayed such that they have the same
total area of the CO-band region. (C) Fit of spectrum B with four
Gaussian curves. The area of the 1899 cm1 band (from 13CO)
constituted 20% of the total CO-band area. (D) Simulation assuming
an 20% enrichment with 13C of both the CO and CN ligands. (E)
Simulation assuming a 5.5% enrichment with 13C of the CN ligands,
leaving the CO bands as observed in trace C.
Fig. 3. Lack of 14CONH2-group transfer from HypE to the HypCD
complex. Autoradiographs of the proteins after in vitro labelling and
separation in a 10% SDS gel (panel A) or in a 10% non-denaturing gel
(panel B) and the subsequent transfer to a nitrocellulose membrane.
Lanes: 1, HypE (4 lM) incubated with HypF (1 lM) and 100 lM each
of [14C] carbamoylphosphate and ATP; 2, puriﬁed HypCD complex
was added after 15 min to the reaction mixture which was separated in
lane 1; 3, separation of a reaction mixture containing HypE[D83N] (4
lM), HypF (1 lM), [14C] carbamoylphosphate (100 lM) and ATP
(100 lM); 4, as lane 3 but with HypCD complex added after 15 min; 5,
incubation of HypE (4 lM), HypF (1 lM), [14C] carbamoylphosphate
(100 lM) and ADP–CH2–P (100 lM); 6, as lane 5 plus addition of the
HypCD complex after 15 min. The mixtures were further incubated for
15 min. Both HypE and HypE[D83N] had been pre-incubated with
dithiothreitol to convert them to the monomeric form [23].
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is hydrated and deaminated to a carbonyl group [9].
The availability of a mutant form of HypE (D83N), which
can be carbamoylated by HypF but does not dehydrate the
carboxamide to the cyanide [23], and of an in vitro system
for the transfer of the cyanide from HypE to the HypCD com-
plex [8] allow a decision as to whether scenario (ii) is realized
(Fig. 3). Puriﬁed HypF protein was incubated with [14C] car-
bamoylphosphate, ATP or its analogue ADP–CH2–P, and
puriﬁed wild-type or D83N mutant-HypE protein. The fate
of the radioactivity was followed by gel electrophoresis in
two diﬀerent systems, which allowed the diﬀerentiation be-
tween the carboxamide and the thiocyanate form of HypE.
After pre-incubation of the HypF-containing mixture, isolated
HypCD complex from anaerobically grown cells was added
and it was tested whether it accepted the radioactivity from
HypE-S-CN (lanes 1 and 2) or HypE-S-CONH2 (lanes 3–6).
As reported [8], inclusion of the HypCD complex leads to
the transfer of the radioactivity from HypE (lane 1) to material
which has been demonstrated by immunoblotting to harbor
both HypC and HypD (Fig. 3B, lane 2). Only a minor amount
is present in the thiocarboxamide form (Fig. 3A). Conversely,
the radioactivity stays at HypE when the dehydration is inhib-
ited in case of the D83N variant (lanes 3 and 4) or by inclusion
of ADP–CH2–P in the reaction mixture (lanes 5–6). On the
premise that our in vitro system reﬂects the in vivo situation,
a transfer of the carboxamide to the (putative) iron of the
HypCD complex can be excluded.4. Discussion
Contrary to earlier speculations [9], the results presented for
A. vinosum demonstrate that in this bacterium CO originates
from a precursor diﬀerent from carbamoylphosphate: 13C-ace-
tate donated carbon to CO speciﬁcally when the label was in
the a-, but not when it was in the b-position. The fact that ace-
tate did not compete with formation of CN from CO2, on the
other hand, is in agreement with the synthesis of CN in
A. vinosum from CO2 plus glutamine via carbamoylphosphate.
The in vitro results with the HypE(D83N) protein in the E. coli
system exclude the possibility that CO is formed from a
carbamoyl group at the HypCD complex. The combined
experiments with A. vinosum and E. coli suggest that carbam-
oylphosphate does not function as a precursor for the synthesis
of CO in [NiFe]-hydrogenases.
With the assumption that the maturation system in the two
organisms is identical, one can speculate on possible scenarios
how the carboxyl group of acetate, or one of its metabolites,
might give rise to CO. If acetate is the direct precursor, most
probably in the form of acetyl-CoA, acetyl-CoA synthase
comes to mind, as it catalyzes an exchange between the car-
boxyl group of the acetyl moiety and CO. However, the E. coli
genome does not contain genes for a classical acetyl-CoA syn-
thase. Inactivation of a gene encoding a protein (entry P75825
in the SwissProt database) with some sequence similarity to the
binding motif of the C-cluster of Ni-containing CO dehydro-
genases did not inﬂuence the generation of active hydrogenases
in E. coli (M. Blokesch, unpublished results). Moreover, gener-
ation of CO by a protein not linked to the biosynthetic
machinery is unlikely as CO would be quickly released. A
proper control of the stoichiometry of one CO and two CN
would then be diﬃcult as well.
472 W. Roseboom et al. / FEBS Letters 579 (2005) 469–472We consider it more likely that one or more Hyp proteins are
involved in the formation of CO. A potential candidate is
HypD with its [4Fe–4S] cluster [8]. Recent experiments showed
that freshly prepared HypD can only be reduced to an amount
of 1–2% by excess fresh dithionite, indicating that the Fe–S
cluster has a very low redox potential (EPR signal with
gxyz = 1.903, 1.931, 2.057; M. Blokesch and S.P.J. Albracht,
unpublished experiments). An ATP-dependent reduction of
this low-potential [4Fe–4S] cluster, followed by reduction of
locally produced CO2 to CO, is one of the exciting possibilities
that may be explored in future experiments.Acknowledgment: The work in Munich was supported by the Fonds
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